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Edited by Ulf-Ingo Flu¨ggeAbstract Cellular cAMP level increased dramatically upon
rehydration following dehydration for 24 h in Anabaena sp.
PCC 7120, but not in disruptant of an adenylate cyclase gene,
cyaC. Oxygen consumption in the cyaC disruptant upon rehy-
dration was higher than that in wild-type strain. Determination
of lipid peroxidation and protein carbonylation of the cells
revealed greater oxidative stress in the cyaC disruptant than in
the wild-type strain during rehydration. Addition of cAMP or
KCN to the cyaC disruptant decreased cellular oxygen consump-
tion upon rehydration and oxidative damage. These results
suggest that respiration upon rehydration is regulated by cAMP
and that the higher respiration activity results in more oxidative
damage in cyaC disruptant.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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stress1. Introduction
Desiccation is a complex process, that few organisms survive
[1,2]. Much attention has been paid to disaccharides, trehalose
and sucrose, as protective substances to adapt desiccation.
However, these substances are not suﬃcient for survival of
desiccation [3,4]. It has become increasingly clear that true des-
iccation tolerance involves several mechanisms working in
concert [3,5].
One of the molecular mechanisms of damage leading to death
upon drying in desiccation sensitive cells is free radical attack
on DNA, proteins, and phospholipids [3]. Many studies have
shown that environmental stresses including desiccation in-
crease the production of cellular reactive oxygen species
(ROS) as a result of impairment of the electron transport chains
[3]. In photosynthetic organisms, ROS should accumulate dur-
ing drying, particularly under high solar radiation [6]. Carbon
ﬁxation is inhibited during desiccation, although electron ﬂowAbbreviations: CRP, cAMP receptor protein; ROS, reactive oxygen
species
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doi:10.1016/j.febslet.2008.05.007through the photosystems continues and excitation energy
can be transferred from photo-excited chlorophyll pigments
to 3O2, forming singlet oxygen (
1O2), while superoxide and
hydrogen peroxide can be produced at the photosystem II [7].
Accordingly, coordinated depression of metabolism is essen-
tial to keep the electron transport chain oxidized adequately
and to avoid the production of ROS during desiccation
[3,7,8]. For example, whereas respiration rates in the desiccation
sensitive cotyledons of Castanea sativaMill. increase at the on-
set of drying, dehydration of the more desiccation tolerant rad-
icles causes a rapid decline in O2 uptake rates at the onset of
drying [9]. In addition, desiccation tolerant cyanobacterium
Nostoc commune [10] and bryophytes [11] actively represses
photosynthetic systems in response to water loss, whereas desic-
cation sensitive species do not.
Rewetting of cells, after which the cells resume metabolism,
can also cause ROS production [12–14]. It was proposed that
ROS were generated in lichen Ramalina lacera as a result of
a transient high rate of respiratory and photosynthetic activi-
ties during early rehydration [13]. The coordinated resumption
of cellular activities during rehydration must be important to
avoid ROS formation. After rehydration, cells of N. commune
resume respiration, photosynthesis, and nitrogen ﬁxation in a
stepwise, coordinated manner [15], as well as ATP synthesis
[16] and lipid biosynthesis [17].
We have studied a global gene expression during dehydration
and following rehydration inAnabaena sp. PCC 7120 (hereafter
Anabaena PCC 7120) [18–20], a close relative of the desiccation
tolerant Nostocsp. HK-01 [21]. Anabaena PCC 7120 is also tol-
erant to desiccation, although weakly [18,19]. Rehydration is a
complex process in which the expression of certain genes, par-
ticularly, those for metabolisms, is dramatically induced [20]. In
addition, general stress-responsive genes are up-regulated in
Anabaena PCC 7120 during rehydration as well as during dehy-
dration [20], suggesting that rehydration is not a simple recov-
ery process, but is a stressful process. This idea would be
supported by the observation that some damage to DNA and
membranes becomes evident upon rehydration [1].
As stated above, many studies have shown the importance of
the depression of metabolic activities during drying and
resumption of metabolism during rehydration. In contrast,
little is known about the mechanisms responsible for the regu-
lation of cellular activities during these two phases or signals
that transmit information about the decrease and increase of
water content within the cells. We have shown previously thatblished by Elsevier B.V. All rights reserved.
1884 A. Higo et al. / FEBS Letters 582 (2008) 1883–1888the expression of ancrpB, whose gene product binds to cAMP
[22] and is a transcriptional activator, is up-regulated during
rehydration [20]. cAMP is a widespread and important second
messenger, synthesized from ATP by adenylate cyclase.
In this study, we investigated the role of cAMP signaling in
the regulation of cellular activities during rehydration. We
found that cAMP level increased dramatically and transiently
upon rehydration through action of CyaC, one of the cAMP
synthesizing enzymes in Anabaena PCC 7120 [23]. Disruption
of cyaC increased respiratory activity and oxidative damage
after rewetting of the cells. Our results suggest that cAMP re-
presses the respiratory activity and suppresses oxidative dam-
age during rehydration.0
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Fig. 1. Changes in cAMP level during rehydration in the wild-type
strain (circles) and cyaC disruptant (triangles). The averages of two
independent measurements are shown. Closed symbols, cAMP level in
the whole culture; open symbols, cAMP level in the medium.2. Materials and methods
2.1. Strains, growth conditions, and dehydration and rehydration
treatments
Anabaena PCC 7120 (wild-type strain) and gene disruptants were
grown at 30 C at 40 l mol photons m2 s1 in nitrogen-free modiﬁed
Detmers medium (MDM0) [20,24] until the late log phase. Liquid cul-
tures were bubbled with air containing 1.0% (v/v) CO2.
Dehydration stress was imposed on cells as described previously
[18,19]. A 30 ml portion of cell culture was ﬁltered onto cellulose ace-
tate ﬁlter paper (0.45 lm pore size, 47 mm diameter, Advantec, Japan)
and dried for 24 h at 30 C at 30–40 lmol photons m2 s1 in a Petri
dish. The change in wet weight of Anabaena PCC 7120 was the same
reported in [18]. After dehydration for 24 h, cells on the ﬁlter paper
were rehydrated in 30 ml of MDM0 and incubated as described above
for the indicated time.
2.2. Determinations of cyclic nucleotide content
To determine the cellular cyclic nucleotide level, a portion of the cell
suspension was mixed with trichloroacetic acid (TCA) to a ﬁnal con-
centration of 5%. The mixtures were kept overnight at 4 C, after
which the cell-debris was removed by centrifugation. The supernatants
were washed with 3 volumes of diethyl ether 6 times to remove TCA
and then lyophilized. The amount of cAMP and cGMP in each sample
was determined using a Biotrack enzymeimmunoassay kit (GE Health-
care, Piscataway, NJ, USA).
To measure the amount of cyclic nucleotide in the medium, another
cell suspension was ﬁltered with a Advantec ﬁlter (0.22 lm pore size)
and mixed with TCA to a ﬁnal concentration of 5%.
To measure cyclic nucleotide level at rehydration 0 min (after dehy-
dration for 24 h), a ﬁlter paper supporting the cells was resuspended in
5 ml of 5% TCA (w/v). The ﬁlter paper was washed with 5 ml of 5%
TCA, and the 2 acid extracts were combined. The extracellular cyclic
nucleotide level at rehydration 0 min was not determined.
2.3. Measurement of photosynthesis and dark respiration activity
Oxygen-evolving activity was measured according to the method de-
scribed previously using a Clark type oxygen electrode [20]. Oxygen
consumption activity was measured in the dark.
2.4. Measurement of lipid peroxidation
Aportionof the cell suspensionwasmixedwithTCA to aﬁnal concen-
tration of 10%. The mixtures were kept for 2 h at 4 C, after which the
cell-debris was removed by centrifugation. Each 1 ml portion of the
supernatants was mixed with 250 ll of thiobarbituric acid (TBA) solu-
tion (1% (w/v) TBA, 50 mM NaOH, and 30 mM EDTA) and boiled
for 30 min.Malondialdehyde (MDA) concentrationwasmeasured spec-
trophotometrically. The absorbance diﬀerence between 532 and 600 nm
was used to calculate the MDA-TBA2 (532 = 0.154 mM1 cm1) [25].
2.5. Measurement of oxidative damage of proteins
>Anabaena cells were harvested by centrifugation, resuspended in
200 ll of buﬀer (40 mM Tris–HCl (pH 8.0), 80 mM NaCl, 4 mM
EDTA, 1% (v/v) (b-mercaptoethanol, and protease inhibitor cocktail
(Roche)), and disrupted with sonication at 4 C for 5 min (twice
2.5 min).The protein samples (45 lg each) were derivatized with 2,4-dinitro-
phenylhydrazine, separated on a 10% denaturing SDS–PAGE gel,
and blotted onto the PVDF membrane. The 2,4-dinitrophenylhydraz-
one derivatives of proteins were detected using an OxyBlot kit (Chem-
icon International, Temecula, CA, USA) and a chemiluminescent kit
(Super-Signal West Pico, Pierce, Rockford, IL, USA).3. Results
3.1. Increases in cAMP upon rehydration
Rewetting Anabaena PCC 7120 after 24 h of dehydration in-
creased cAMP level nearly 7-fold within 3 min, after which the
level decreased rapidly (Fig. 1). The level of cGMP was also
measured but was not detectable (>3 pmol mg1 Chl). The
disruptant of cyaC, one of the ﬁve adenylate cyclase genes in
Anabaena PCC 7120 [23], did not show the increase in cAMP
level in response to rehydration. Because extracellular
cAMP level was nearly constant in both strains, the changes
in cAMP level should reﬂect changes in the intracellular level.
3.2. Growth of cyaC disruptant during rehydration
To determine whether cyaC is important during rehydration,
growth after rehydration in the wild-type strain and cyaC dis-
ruptant was also determined. These strains grew at the same
rate before dehydration (data not shown). After 1 day of dehy-
dration, rewetted cells were incubated in the same way as be-
fore dehydration. The wild-type strain grew similarly as
before dehydration. In contrast, the cyaC disruptant hardly
grew after rehydration for 2 days. After 2 days, the cyaC dis-
ruptant grew similarly to the other strains (Fig. 2). These re-
sults indicate that cyaC is important for dehydration
tolerance in Anabaena PCC 7120.
3.3. Respiratory activity and oxidative damage in the cyaC
disruptant
To elucidate the physiological role of cyaC during rehydra-
tion after 1 day of dehydration, photosynthesis and dark respi-
ration activities were measured using an oxygen electrode.
Before dehydration, the activities were the same in the cyaC
disruptant as in the wild-type strain.
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Fig. 2. Growth of cells after dehydration for 24 h. Anabaena wild-type
strain () and cyaC disruptant (m) were rehydrated for 24 h, and then
suspended in MDM0 medium. The cells were incubated in the same
way as before dehydration, and the growth of the cells were measured.
The results are representative of two independent experiments.
A. Higo et al. / FEBS Letters 582 (2008) 1883–1888 1885As reported previously [20], oxygen evolution in the wild-
type strain recovered gradually after rehydration (Fig. 3A).
In contrast, although oxygen evolution in the cyaC disruptant
recovered similarly to that of the wild-type strain within
30 min of rehydration, no further recovery in the activity of
the cyaC disruptant was observed after 30 min. After 5 h of
rehydration, the activity in the cyaC disruptant was less than
30% of that in the wild-type strain (Fig. 3A).-30
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Fig. 3. Recovery of oxygen-evolving activity (A) and oxygen con-
sumption (B) during rehydration. After 24 h of dehydration, cells were
rehydrated in MDM0 medium and grown as before dehydration.
Before dehydration, the oxygen-evolving activity and oxygen con-
sumption were the same level in the three strains. Symbols: Anabaena
sp. strain PCC 7120 () and cyaC disruptant (m).Oxygen consumption after rehydration was also measured
(Fig. 3B). In the wild-type strain, the oxygen consumption
activity immediately after rehydration was about 50% of that
before dehydration. After 1 h of rehydration, the activity
recovered to about 80% of that before dehydration. In con-
trast, oxygen consumption immediately after rehydration in
the cyaC disruptant was about 85% of that before dehydration
and 1.7-fold higher than that in the wild-type strain. Oxygen
consumption in the cyaC disruptant decreased gradually to
the level that of the wild-type strain within 1 h of rehydration.
Oxygen consumption was completely inhibited by the addition
of 1 mM KCN, indicating that oxygen was consumed by respi-
ration.
The relationship between respiratory activity and ROS pro-
duction after rehydration [13] led us to speculate that oxidative
damage would be greater in the cyaC disruptant with higher
respiratory activity after rehydration than in the wild-type
strain. To determine the relationship between respiration and
oxidative damage, we measured the amount of MDA in the
cells. MDA is a major product formed from the decomposition
of lipid peroxides, and its content is considered as an indicator
of oxidative damage. The MDA level was similar in the wild-
type strain and cyaC disruptant immediately after rehydration.
However, after 30 min of rehydration, MDA level increased
more than 2.3-fold in the textitcyaC disruptant whereas it in-
creased only 1.4-fold in the wild-type strain (Fig. 4). Although
the MDA level gradually increased in the wild-type strain dur-
ing rehydration, it was consistently lower than in the cyaC dis-
ruptant.
The degree of protein carbonylation, an indicator of oxida-
tive damage to protein, was also determined (Fig. 5). At the
beginning of rehydration, the degree of protein carbonylation
was similar in the two strains. After 30 min of rehydration, the
cyaC disruptant showed increased protein carbonylation,
whereas the wild-type strain did not. These results suggest that
oxidative damage is greater in the cyaC disruptant than in the
wild-type strain during rehydration.
3.4. Oxygen uptake activity and lipid peroxidation in the cyaC
disruptant
To elucidate the relation between cAMP and oxygen con-
sumption activity, the eﬀect of cAMP on respiration was as-0
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Fig. 4. Lipid peroxidation during rehydration. Cellular content of
MDA after rehydration was measured as described in Section 2.
Symbols: Anabaena sp. strain PCC 7120 () and cyaC disruptant (m).
Fig. 5. Changes in protein oxidation after rehydration. (A) Immunoblot analysis of carbonyl derivatives of proteins from the wild-type strain and
cyaC disruptant after rehydration was performed using an OxyBlot kit. Proteins (45 lg) with or without derivatization (negative controls) were
separated on a 10% polyacrylamide gel and transferred to a PVDF membrane, and the carbonyl derivatives of proteins were detected
immunologically. Molecular weight marker band sizes are indicated on the left. (B) Protein bands stained by Ponceau S. (C) Densitometric band
intensities were normalized to total proteins stained by Ponceau S.
Table 1
Eﬀect of cAMP and KCN on oxygen consumption and lipid peroxidation after rehydration
Control 200 lM cAMP 3 lM KCN
O2 consumption upon rehydration
a wt 10 ± 2 10 ± 1 N.D.
cyaC disruptant 24 ± 6 12 ± 3 12 ± 3
MDA level after 30 min of rehydrationb wt 20 ± 1 N.D. N.D.
cyaC disruptant 35 ± 5 17 ± 1 19 ± 5
N.D., not determined.
almol O2 mg
1 Chl h1.
bnmol mg1 Chl.
1886 A. Higo et al. / FEBS Letters 582 (2008) 1883–1888sessed immediately after rehydration. Table 1 shows that addi-
tion of cAMP did not alter respiration in the wild-type strain,
but suppressed respiration to less than 50% within 1 min in the
cyaC disruptant.
Eﬀect of cAMP on lipid peroxidation was also assessed. Ta-
ble 1 shows that, after 30 min of rehydration in the cyaC dis-
ruptant, incubation with cAMP decreased MDA level
compared with that without cAMP. These results show that
addition of cAMP complemented the disruption of cyaC func-
tion.
To elucidate the relation between respiratory activity and li-
pid peroxidation, eﬀect of KCN on lipid peroxidation was as-
sessed after rehydration. Table 1 shows that, after 30 min of
rehydration in the cyaC disruptant, incubation of the cells with
3 lM KCN, which suppressed respiration by 50%, decreased
MDA level compared with that without KCN. These results
suggest that the higher respiratory activity upon rehydration
causes lipid peroxidation in the cyaC disruptant.4. Discussion
4.1. Respiration and oxidative stress during rehydration
In this report, we found that cAMP suppressed respiration
activity immediately after rehydration in Anabaena PCC7120. We have previously reported that the expression of genes
involved in various metabolic processes including respiration is
induced during rehydration [20]. These results show that respi-
ration activity is regulated by multiple mechanisms during
rehydration, suggesting that controlling the respiratory activity
at an adequate level during rehydration is important for the
correct resumption of cellular metabolism. This consideration
is supported by our data that the cyaC disruptant, which had
higher oxygen consumption activity than the wild-type strain
upon rehydration, was less tolerant to dehydration (Fig. 2).
Figs. 4 and 5 show that the cyaC disruptant experienced oxi-
dative damage. The high rate of oxygen consumption activity
could lead to a high rate of ROS production. The rate of
ROS production is low under normal conditions when the elec-
tron ﬂow in the electron transport chain does not exceed en-
ergy demand. However, when electron supply is higher than
energy demand, the electron transport chain is likely to reduce
molecular oxygen and produce ROS [26]. Higher respiratory
activity would increase the rate of ROS production immedi-
ately after rehydration, when the energy demand would be
low. Thus, to prevent production of ROS, the regulation of
metabolic activities such as respiration and photosynthesis is
important during rehydration as well as during desiccation.
In cyanobacterial cells, photosynthetic electron transport
chain is a source of ROS [27]. In plant cells, the mitochondrion
A. Higo et al. / FEBS Letters 582 (2008) 1883–1888 1887is a major source of ROS production and consequent oxida-
tive damage when exposed to abiotic stresses such as drought
and UV [8,28]. Accordingly, the electron transport chain
of respiration, some of whose components are shared with
the photosystem in cyanobacteria, would also be a source of
ROS.
Oxidative stress damages lipid, DNA, and proteins [29].
Among the various proteins, the stress oxidizes elongation fac-
tors involved in translation, resulting in inhibition of protein
translation [30]. Inhibition of translation during rehydration,
when cells must repair damages caused by desiccation, would
be disadvantageous. This could be one reason why the cyaC
disruptant could not recover photosynthetic activity (Fig.
3A) or growth (Fig. 2) within 2 days of rehydration.
Photosynthetic activity in cyaC disruptant did not recovered
within 5 h of rehydration, but it was maintained to some de-
gree, indicating that the mutant cells were still alive. After
1 day, oxygen-evolving activity was recovered to 70% of that
before rehydration (data not shown). After 2 days of rehydra-
tion, when the damage imposed by rehydration was overcome,
the cells would resume the growth. When cyaC disruptant was
dehydrated for 3 days, cyaC disruptant survived less than wild-
type strain (data not shown). In such a case, when oxidative
stress imposed upon rehydration would be great, the damages
could be so serious that the cells could not survive.
During dehydration and rehydration, antioxidant defenses
would provide an important mechanism to survive desiccation.
Accumulation of low molecular weight antioxidant molecules
and mRNA or proteins of antioxidant enzymes have been re-
ported during rehydration [3,31,32]. In Anabaena PCC 7120,
gene expression of various antioxidant enzymes such as Mn
catalase is up-regulated during rehydration as well as during
dehydration [20]. Thus, prevention of ROS production and
antioxidant defenses should work in concert to provide toler-
ance to desiccation.4.2. cAMP signaling cascade upon rehydration
We have shown that cellular cAMP level changes in response
to light [33] and salt [34] in Anabaena PCC 7120. In our current
study, cAMP level increased upon rehydration (Fig. 1). How-
ever, the function and signaling cascade of cAMP remains un-
clear in Anabaena PCC 7120.
It has been reported that cAMP regulates gene expression by
making a complex with the cAMP-binding transcriptional reg-
ulator CRP in bacterial cells [35–37]. Anabaena PCC 7120 has
two cAMP binding proteins, AnCrpA and AnCrpB, each with
a DNA binding domain [22,38]. In our study, cAMP inhibited
respiratory activity within 1 min, suggesting that the inhibition
of respiration by cAMP did not result from gene expression
but was caused by enzyme inactivation. Respiratory activity
immediately after rehydration was the same in the ancrpB dis-
ruptant as in the wild-type strain (data not shown). In addi-
tion, microarray analysis of the cyaC disruptant suggested
that most AnCrpB regulons [20] are not regulated by the
cAMP-CyaC signal cascade during rehydration (data not
shown). CyaC-cAMP and AnCrpB signaling cascades might
belong to diﬀerent signaling cascades, and AnCrpB would be
activated by a molecule other than cAMP in vivo. Otherwise,
the increase in cAMP level within 5 min (Fig. 1) would be so
short that gene expression is not regulated by cAMP-CRP.
cAMP might regulate respiratory activity by a more directpathway such as phosphorylation. This is supported by the re-
sult that although the cyaC disruptant was less tolerant to
dehydration than the wild-type strain, the disruptant of the
transcriptional regulator genes ancrpB and ancrpA were not.
all1035 is a candidate gene involved in the regulation of res-
piration by cAMP. All1035 has cAMP binding motifs [39] but
has no other protein domain. Our preliminary result showed
that the all1035 disruptant exhibits high respiratory activity
upon rehydration, like the cyaC disruptant. The mechanism
responsible for the regulation of respiration by All1035 re-
mains to be solved.
To avoid formation of ROS, cytochrome c oxidase is inhib-
ited at high intramitochondrial ATP/ADP ratios when energy
demand is low in eukaryotic cells. This inhibition is switched
on by the cAMP-dependent phosphorylation of cytochrome
c oxidase [40]. It is interesting that respiration is regulated by
cAMP to avoid oxidative stress in cyanobacterium Anabaena
PCC 7120 as well.
It is a matter of consideration how CyaC activity is regulated
upon rehydration. CyaC has a unique structure comprising the
domains of a bacterial two-component regulatory system and
is regulated through a phosphotransfer relay [41]. Because
cAMP level increases very rapidly upon rehydration, the sen-
sory histidine kinase should be activated directly by water in-
ﬂux into the cells. The sensor proteins to water would
provide a clue to elucidate the nature of rehydration and des-
iccation.
Our results show that the regulation of metabolic activities is
important not only during desiccation but also during rehydra-
tion. The rapid resumption of respiratory activities is required
for quick recovery during rehydration, but too high activity
would result in ROS production. We conclude that cAMP reg-
ulates respiration and contributes to the coordinated resump-
tion of metabolic activity during rehydration.
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